Introduction 23
In the modern ocean, the North Atlantic subtropical gyre is classified as oligotrophic, 24 with low surface nutrient concentrations and low annual primary productivity 1 . The 25 Sargasso Sea, situated within the gyre, experiences a spring plankton bloom -despite being 26 chronically Si limited 1 -as a result of seasonal wind-driven deep mixing from the upper 27 boundary of the main thermocline ( Figure 1 ). However, the deep supply of nutrients 28 supports a bloom that represents only a transient phytoplankton standing stock 29 concentrated in a deep (~100 m) chlorophyll a maximum of up to ~0.5 mg m -3 , a modest amount compared to regions of the open Southern Ocean (~1 mg m -3 ) and major upwelling 31 zones and coastal areas (over 10mg m -3 2 ). In the Sargasso Sea, diatoms contribute strongly 32 to export production, despite a significant proportion of primary productivity originating 33 from smaller phytoplankton cells, as a result of a strong microbial loop 1 . There have been 34 substantial efforts in the last decade to understand the impact on modern ecology of 35 nutrient upwelling driven by cyclonic and Mode-Water mesoscale eddies, the latter of which 36 promotes the growth of larger sized phytoplankton (diatoms and dinoflagellates) 3 , but the 37 role of these mesoscale processes in past carbon cycling and their potential impact in future 38 global change remains unclear. 39
Multi-proxy evidence points towards a widespread increase in supply of Si(OH) 4 -rich 40 waters during the abrupt climatic events of the last glacial and deglacial, including the 41 Southern Ocean 4 , equatorial regions 5 , and major coastal upwelling zones 6 . Sedimentary 42 evidence also points towards anomalous and prolonged diatom blooms in the North Atlantic 43 during abrupt events of the deglacial 7,8 , which would have had a significant impact on 44 carbon cycling in the otherwise oligotrophic gyre. During the last glacial and deglaciation, 45 abrupt millennial-scale Heinrich Stadials (HS) associated with ice-berg rafting events in the 46 North Atlantic that led to widespread and rapid reorganization of ocean circulation that 47 resulted in shifts in heat transport, atmospheric pCO 2 , and the supply of southern 48 component water and nutrients to northern latitudes 9 . 49 Southern component water plays an important role in the supply of essential 50 nutrients such as silicic acid (Si(OH) 4 ), which feeds the diatom growth that contributes 51 significantly to marine carbon export production in the world's oceans. Antarctic Bottom 52 Water (AABW), formed by deep convection around Antarctica, contains high levels of 53 macronutrients including Si(OH) 4 (>100 M 10 ). Antarctic Intermediate Water (AAIW), 54 formed by the subduction of cold, fresh surface waters near the Polar Front, has lower 55 Si(OH) 4 concentrations (< 70 M, generally ~40 M north of 20°S) compared to other 56 nutrients (nitrate and phosphate) as a result of efficient uptake of Si by diatoms in the 57 Southern Ocean 11 , and can influence the nutrient content of the thermocline in the South 58
Atlantic through mixing across density surfaces 12 . 59
There has been recent debate about the degree to which AAIW extent and 60 composition fundamentally changed during the millennial scale climate events of the late 61 glacial/deglacial, the role played by wind-driven versus oceanographic processes in these 62 changes, and the impact of these changes on diatom productivity (reviewed by 8 ). 63
Neodymium isotope evidence points both towards a volumetric increase in AAIW at 64 intermediate depths of the Equatorial regions 13,14 , but also a decline in AAIW in the Florida 65 Straits during HS1 15 . Whilst nutrient proxies cannot determine the origins of the water, they 66 do indicate that the mid-depths of the South Atlantic were more enriched in Si(OH) 4 relative 67 to other nutrients than it is today 16,17 , suggestive of a northwards advance of AAIW into the 68 North Atlantic during HS1 18 . 69
Although there is evidence for increased diatom opal burial in the oligotrophic North 70
Atlantic during stadials 7 , there has been as yet no quantified study of low-latitude silicon 71 cycling during millennial scale climatic change, and its impact on carbon cycling. Here, we 72 use the silicon isotope composition of different opal-forming organisms, extracted from a 73 sediment core in the Sargasso Sea (Bermuda Rise), that dwell at different depths in the 74 water column to reconstruct changes in Si cycling during the last deglaciation. Our results 75
show that there were abrupt shifts in Si supply and utilisation during this period, consistent 76 with changes in oceanic stratification, that would have contributed to high regional carbon 77 export efficiency. 78
Results 79
Opal producing organisms from the Sargasso Sea sediment core 80 Core HU89038-PC8 on the Bermuda Rise (33.7 °N, 57.6 °W, 3.5 km water depth) 81 contains a notable opal-rich section radiocarbon-dated to HS1 (from 330-500 cm depth, or 82 16.5-18.6 calibrated thousand years (ka) 19 . The sand-sized fraction of the opal-rich layer 83 comprises 60±10% opal, and is dominated (~95%) by fragments of the large diatom 84
Ethmodiscus rex (Rattray) Hendey, with radiolarians (including polycystine radiolarians), 85 smaller diatoms and rare sponge spicules. E. rex are relatively deep-dwelling, occupying a 86 distinct niche by opportunistically migrating deeper (> 100 m) through varying their cellular 87 buoyancy to take advantage of deep nutrient supplies, and are found today in the 88 oligotrophic gyre of the North Pacific in highly stratified waters away from major 89 convergence zones 20 . E.rex cells subsequently undergo mass sinking at frontal zones, or 90 when stratification is broken by another physical mechanism, such as storm mixing 21 . Most 91 polycystine radiolarians live in water depths of less than 250m and this is especially true for 92 large open-structure Spumellaria, which often have associated with them symbiotic algae 93 (zooxanthellae) and must spend at least some time in the euphotic zone to survive. The most 94 common radiolarians picked from the sediments in this study (see methods) have all been 95 recovered from depths between 100-390 m in the modern. The information available 96 suggests that most, if not all, of the large Spumellaria analyzed spent most of their lives in 97 waters shallower than 250m and possibly less than 100m. 98
Whilst the presence of the E.rex layer in HU89038-PC3 is in itself suggestive of an 99 unusual and prolonged shift in biogeochemical cycling during HS1, we can also quantify the 100 silicon biogeochemical system using the silicon isotope composition of different siliceous 101 plankton opal that live at different depths in the water column. The silicon isotope ratio 102 ( 30 Si) of diatoms can be used as a measure of Si utilisation in ambient seawater because 103 preferential uptake of the lighter isotope of Si leads to progressive enrichment in the heavier 104 isotopes 22 . Diatom material was sufficiently abundant in this section of HU89038-PC8 such 105 that it was possible to hand-pick monospecific samples of E.rex and mixed samples of 106 polycystine radiolarians, mostly large Spumellaria, for silicon isotope analysis (see methods). 107
The E. rex  30 Si ranged from +0.20 to +1.14 ‰, and the mixed Spumellaria radiolarian  30 Si 108 ranged from +0.73 to +2.00 ‰ ( Supplementary Table S1 ). 109
Spicule record from the Carolina Slope 110
Our new diatom and radiolarian silicon isotope records provide information on the 111 utilisation of Si in surface waters of the Sargasso Sea, but an integrated view of a Figure S3, 27 ). Furthermore, the increase in Si(OH) 4 recorded at our core 145 site is relatively modest, and reflects concentrations more typical of AAIW (<70 M) rather 146 than AABW (>100 M). 147
Modelling the silicon cycle in the Sargasso Sea 148
In order to quantify the efficiency of surface utilisation of Si(OH) 4 in the Sargasso Sea 149 using core material from HU89038-8PC, it is necessary to quantify the silicon isotope 150 fractionation by both E.rex and Spumellarian radiolarians. Laboratory culture studies of 151 diatoms of other genera indicate a mean fractionation of -1.1 ‰ 22 and show some limited 152 evidence for variation with species and growth rate 28 have occurred if either the radiolarians and diatoms are growing in a similar water mass but 169 E. rex take up the silicon sufficiently rapidly such that they control the silicon chemistry of 170 the seawater, or the radiolarians are not growing at the same depth as the E.rex cells. Either 171 mechanism would imply that the radiolarians grew in water already isotopically enriched by 172 E.rex. The radiolarian  30 Si signal also showed less variability than the E.rex signal, possible 173 due to temporal or spatial averaging over a season or different depths as a result of the 174 mixed assemblage of radiolarians used for analysis. 175
We quantified this system further using a simple fractionation model (see methods), Comparing the results from the simple fractionation model to sedimentary opal 243 accumulation rates from the Bermuda Rise shows that the increase in export of opal from 244 the subsurface/thermocline to deep waters was greater than the increase in opal burial, 245 indicating deep opal remineralisation and a reduction in the burial efficiency (Table 1) SiO 2 cm -2 ka -1 . In contrast, the opal percentages at HS1 and the LGM were approximately 6-250 8% and 4-6% respectively, with HS1 and LGM thorium-normalized sediment accumulation 251 rates of 3.7 g cm -2 ka -1 and 5.6 g cm -2 respectively, giving sedimentary opal fluxes of 252 approximately 0.25 g SiO 2 cm -2 ka -1 for HS1 and 0.28 g SiO 2 cm -2 ka -1 for the LGM (Table 2) . Palaeoceanographic records show that during the deglacial there were widespread 278 pulses of diatom production, which we suggest were due to the abrupt breakdown of 279 stratification, similar to -but to a greater extent than -today, as a result of different wind-280 driven mechanisms linked by atmospheric teleconnections, which supplied nutrients to large 281 regions of the surface ocean, rather than slow diffusion processes 4-6,31,41 . The E. rex pulse 282 studied here either occurs at a similar time as, or at the inception of, increased diatom 283 accumulation throughout Atlantic upwelling regions (e.g. Northwest Atlantic 6,8,42 ). This 284 upwelling, together with an increase in thermocline Si(OH) 4 concentration, stimulated 285 widespread diatom productivity and enhanced Si utilisation (Figure 3) . These wind-driven 286 processes in the low-latitudes of the Atlantic and Pacific appeared to occur approximately 287 concurrently and early in HS1 5,14,43 at the onset of the significant changes in upwelling that 288 occurred in the Southern Ocean (Figure 3 ). Assuming these offsets are real, and not a result 289 of uncertainties in the age models, they could highlight the importance not only of global 290 changes in preformed nutrients, but also more localized processes that allow these 291 preformed nutrients to reach the surface, which drove ecological regime shifts and marine 292 carbon uptake. The early upwelling signal in some regions of the low latitudes, at the onset 293 of the significant changes in upwelling that occurred in the Southern Ocean (Figure 3 
341
The age model for KNR140-2-56GGC was based on existing planktonic foraminiferal radiocarbon 342 measurements and an additional five radiocarbon measurements ( Supplementary Table S2) Figure S5B ).
405
The fractionation factor for E.rex was allowed to vary between -0.9 and -2.1 ‰; the fractionation 406 factor for Spumellaria radiolarians was allowed to vary between -1.1 and -2.1 ‰. Total silica flux and 407 concentration was not sensitive to the fractionation factors used. Surface utilisation was sensitive to 408 the fractionation factors selected (Supplementary Figure S5C ).
409
Our estimate of mean daily sinking opal flux during the utilisation peak of HS1 from the model is the 410 same order of magnitude as the total annual flux driven by modern winter convection today. The 411 increased supply is due to a combination of intense stratification, punctuated by mesoscale 412 processes, and the widespread increase in thermocline Si(OH) 4 concentrations resulting from the 413 enhanced contribution of southern component water to the North Atlantic. The increase in diatom 414 production would also have led to an increase in the carbon export production, and so CO 2 415 drawdown, to deep waters. For a typical Si:C molar ratio of 0.13 58 , the model gives a total carbon 
